Introduction {#section0005}
============

Infection of eukaryotic cells by enveloped viruses requires fusion between the viral envelope and the cellular plasma or endosomal membrane [@BIB33], [@BIB66]. Specific viral envelope glycoproteins help to overcome the energy barriers associated with this process. Most of the known viral fusion proteins are integral membrane proteins that contain a region consisting of about 15--30 mostly apolar amino acids, named the fusion peptide [@BIB75]. This region can be located either at the N terminus, as in most orthomyxoviruses, paramyxoviruses, and several retroviruses [@BIB74], [@BIB6], [@BIB23], or in the interior of the fusion protein, as in Rous sarcoma virus [@BIB36], vesicular stomatitis virus [@BIB76], or Ebola virus [@BIB24]. Various studies have shown the importance of the fusion peptide in membrane fusion. Mutational analysis revealed that substituting critical residues in influenza hemagglutinin [@BIB27], SIV [@BIB8], HIV [@BIB21], vesicular stomatitis virus [@BIB20], avian leukosis virus [@BIB32], or murine coronavirus [@BIB42] fusion peptides is sufficient to abolish membrane fusion. However, mutational studies are sometimes difficult to analyze, since in addition to the local effects, single mutations can also affect the overall folding of the fusion protein. Hydrophobic photoaffinity labeling has been used to show that the fusion peptide of influenza hemagglutinin penetrates deeply into the target membrane during fusion [@BIB31], and has also helped to identify the fusion domain of the envelope glycoprotein of rabies and vesicular stomatitis viruses [@BIB15].

Since the mechanism of membrane fusion is an intricate phenomenon involving the participation of complex proteins, it is difficult to determine the specific role of the fusion peptide in the context of the full-length fusion protein. In an effort to overcome this limitation, the interaction between model membranes and synthetic peptides that mimic the corresponding region in the intact protein has been studied [@BIB53], [@BIB79], [@BIB45], [@BIB48], [@BIB57], [@BIB37], [@BIB60]. The significance of this strategy has been demonstrated by two observations: (i) there is a direct correlation between the effects of mutations in the intact protein and the peptide analogs [@BIB21], [@BIB35], [@BIB57], [@BIB49], [@BIB46], [@BIB37], [@BIB51], and (ii) the fusion activity of synthetic peptides, measured *in vitro*, is sensitive to factors (such as pH or the addition of inhibitory agents) that affect the infectivity of the virus *in vivo* [@BIB73], [@BIB50].

The family of paramyxoviridae includes well-known respiratory tract pathogens affecting children, which were shown to be a major cause of croup, pneumonia and bronchiolitis [@BIB14]. A prominent feature of paramyxoviridae infection is the fusion of infected cells with their neighbors, leading to the formation of multinucleated cells named syncytia [@BIB40], thus highlighting the importance of understanding the mechanism of membrane fusion. The fusion protein of Sendai virus, a member of the paramyxoviridae family, is synthesized as an inactive precursor, F0, which is activated by a host protease, producing two disulfide-linked subunits, F1 and F2 [@BIB34], [@BIB61]. The newly formed N terminus of F1 is known as the fusion peptide [@BIB26]. However, it is unlikely that the whole membrane fusion process is accounted for by a small N-terminal segment of a protein that consists of more than 560 amino acid residues. Moreover, it has been shown that regions other than the fusion peptide in influenza hemagglutinin [@BIB81], [@BIB18], HIV-1 [@BIB52], and Sendai virus [@BIB30], [@BIB2] are able to bind to membranes, thus suggesting that several membrane-interacting segments may have a role in the fusion process. In an attempt to identify regions other than the N-terminal fusion peptide in the Sendai virus F1 protein that could participate in the actual merging of the viral and cellular membranes, we screened its ectodomain for segments with homology to known fusion peptides and found a region, corresponding to amino acids 214--226, highly homologous to the fusion peptide of the HIV-1 and RSV envelope glycoproteins. In order to analyze the fusogenic ability of this specific region, located in the interior of the F1 protein, we synthesized two peptides corresponding to amino acids 208--229 and 201--229, namely SV-208 and SV-201, and compared their ability to induce membrane fusion of large unilamellar vesicles to that of the N-terminal 33-amino acid fusion peptide. We used as controls, a peptide that partially overlaps the N terminus of SV-208 (amino acids 178--210) and one with the same amino acid composition as SV-208, but with a scrambled sequence. We found that SV-208 and SV-201 induce membrane fusion at concentrations at which the N-terminal fusion peptide, the shifted, and the scrambled peptides are inactive. Based on the results presented here, we postulate a revised model for paramyxovirus-induced membrane fusion.

Results {#section0010}
=======

An internal region in the ectodomain of Sendai virus F1 protein is homologous to known fusion peptides {#section0015}
------------------------------------------------------------------------------------------------------

In order to identify new regions, apart from the N-terminal fusion peptide, which could be involved in the actual fusion process, we screened the extracellular domain of the Sendai virus F1 protein for segments with homology to known fusion peptides. We found a 13-residue segment (amino acids 214--226) highly homologous to the HIV-1 gp41 (amino acids 8--20) and RSV F1 (amino acids 1--13) fusion peptides [(Figure 1(a))](#FIG1){ref-type="fig"}. In order to determine the role of the fusion peptide-like segment in the process of membrane fusion, we synthesized a peptide corresponding to amino acids 208--229 of the Sendai virus F1 protein, namely SV-208, [(Figure 1(b) and (c))](#FIG1){ref-type="fig"} and compared its fusogenic ability to that of the N-terminal fusion peptide from the same protein (amino acids 117--149). Since the fusion peptide-like sequence is located in the interior of the F1 protein, a peptide elongated seven amino acids to the N terminus, SV-201, was also synthesized. A peptide with the same amino acid composition as SV-208, but with the fusion peptide-like sequence scrambled, namely Mu-SV-208, and one that partially overlaps its N terminus (amino acids 178--210), namely SV-178, were used as controls.Figure 1(a) Sequence alignment of the fusion peptide-like sequence of SV-208 (amino acids 214--226), with homologous regions in the fusion peptide of HIV-1 gp41 (amino acids 8--20) and RSV (amino acids 1--13); (b) representation of the F1 subunit of the fusion protein of Sendai virus; (c) designations and sequences of the peptides used. Mutated amino acids are underlined.

The internal fusion peptide induces lipid mixing to a higher extent than the N-terminal fusion peptide {#section0020}
------------------------------------------------------------------------------------------------------

The fusogenic activity of the peptides was determined by their ability to cause lipid mixing of large unilamellar vesicles (LUV) composed of PC/PG (1:1) (100 nm diameter) as revealed by the probe dilution assay [@BIB67]. Briefly, a population of LUV labeled both with NBD-PE and Rho-PE (22 μM) is mixed with a population of unlabeled LUV (88 μM) and different concentrations of peptides are added. Fusion between the labeled and unlabeled vesicles caused by the peptide results in dilution of the labeled lipids and therefore reduced energy transfer between NBD-PE and Rho-PE. This change is visualized as an increase of NBD fluorescence. The dependence of both the extent and the kinetics of lipid mixing on the lipid to peptide molar ratio were analyzed. In separate experiments, increasing amounts of SV-208, SV-201, Mu-SV-208, SV-178, and the N-terminal fusion peptide, were added to a fixed amount of vesicles. In order to compare the activity of the different peptides, the percentage of lipid mixing as a function of the lipid to peptide molar ratio is shown in [Figure 2(a)](#FIG2){ref-type="fig"}. Clearly, SV-208 is more active than the N-terminal fusion peptide in inducing lipid mixing of model membranes. Elongation of SV-208 does not affect its activity, suggesting that the ability of SV-208 to induce membrane fusion is not related to the N-terminal proximity of the fusion peptide-like sequence in the synthetic peptide. On the contrary, the scrambled peptide and SV-178 are substantially less active, indicating that the fusogenic activity depends on the peptide sequence. Furthermore, a peptide corresponding to the homologous region from measles virus was also active (unpublished results), suggesting a similar role for the homologous region in different paramyxoviruses. Similar results were observed with PC/PS (1:1) LUV and therefore are not shown. Time profiles depicted in [Figure 2(b)](#FIG2){ref-type="fig"} show that maximal activities were reached at about five minutes.Figure 2(a) Dose dependence of lipid mixing of PC/PG (1:1) LUV induced by different peptides. Peptide aliquots were added to mixtures of LUV (22 μM) containing 0.6% each of NBD-PE and Rho-PE, and unlabeled LUV (88 μM) in PBS. The increase in the fluorescence was measured 15 minutes after the addition of the peptide. The fluorescence intensity upon the addition of reduced Triton X-100 (0.25%, v/v) was referred to as 100%. Symbols: SV-208, filled squares; SV-201, open squares; N-terminal fusion peptide, open triangles; Mu-SV-208, filled triangles; SV-178, open circles. (b) Time-course of lipid mixing induced by SV-201, SV-208, and Mu-SV-208, under the same conditions described in (a) at 0.12 lipid/peptide molar ratio. Time-course traces corresponding to the N-terminal fusion peptide and SV-178 were similar to that of Mu-SV-208, and therefore are not shown.

Intervesicular lipid mixing is a result of membrane fusion {#section0025}
----------------------------------------------------------

In order to confirm that the observed intervesicular lipid mixing was indeed the result of membrane fusion, suspensions of LUV were directly visualized under an electron microscope, before and after the treatment with the peptides. Briefly, PC/PG (1:1) LUV of 100 nm diameter (200 μM) were incubated for 15 minutes alone, with SV-208, or Mu-SV-208 (peptide/lipid molar ratio of 0.12) in PBS, before visualization. [Figure 3](#FIG3){ref-type="fig"} shows representative micrographs of the LUV (a) without any peptide, (b) with SV-208, and (c) with Mu-SV-208. It is evident from the micrographs that the lipid mixing observed with SV-208 appears concurrently with an increase in size of the vesicles, confirming that the ability of SV-208 to induce lipid mixing is the result of membrane fusion. Such a size increase was not observed with the N-terminal fusion peptide [@BIB28].Figure 3Electron micrographs of negatively stained vesicles. (a) PC/PG (1:1) LUV alone; (b) incubated with SV-208 for 15 minutes; (c) incubated with Mu-SV-208 for 15 minutes. The bar represents 200 nm.

SV-208 and Mu-SV-208 have similar membrane-binding affinities {#section0030}
-------------------------------------------------------------

In order to determine whether the difference between the fusogenic activity of SV-208 and Mu-SV-208 was due to a difference in their membrane-binding ability, the increases in the fluorescence intensities of NBD-labeled peptides, because of membrane binding, were recorded as a function of the lipid to peptide molar ratios. The binding curves obtained for both peptides are very similar [(Figure 4(a))](#FIG4){ref-type="fig"}. Since both SV-208 and Mu-SV-208 are monomeric in aqueous solution, as revealed by rhodamine dequenching experiments (data not shown), we were able to analyze the binding isotherms as partition equilibria [@BIB55]. The surface partition coefficients were estimated from the initial slopes of the curves shown in [Figure 4(b)](#FIG4){ref-type="fig"} [@BIB5], and were found to be 6.7(±0.4) × 10^4^ M^−1^, and 7.3(±0.2) × 10^4^ M^−1^, for SV-208 and Mu-SV-208, respectively. Since these values are similar, we have concluded that the peptides have similar membrane-binding affinities. However, as the concentration of peptide increases, the bound fraction, corresponding to SV-208, increases faster than that of Mu-SV-208, suggesting positive cooperativity for the binding of the wild-type peptide. Since this indicates that SV-208 may self-associate in the membrane, the oligomerization state of the membrane-bound peptides was further analyzed (see below).Figure 4(a) Increase in the fluorescence of NBD-labeled peptides (0.2 μM) upon titration with PC/PG (1:1) SUV. Titrations were performed at room temperature in PBS. The excitation wavelength was set at 467 nm (8 nm slit) and emission recorded at 530 nm (8 nm slit). Symbols: SV-208, open circles; Mu-SV-208, filled squares; (b) binding isotherms derived from (a) by plotting *X*~b~∗ (the molar ratio of bound peptide/60% of the total lipid) *versus C*~f~ (equilibrium concentration of free peptide in solution). Symbols: SV-208, open circles; Mu-SV-208, filled squares.

The amino terminus of SV-208 and Mu-SV-208 is relocated to a more hydrophobic environment upon addition of vesicles {#section0035}
-------------------------------------------------------------------------------------------------------------------

The amino terminus of several fusion peptides has been shown to be inserted in the membrane [@BIB57], [@BIB37]. In order to determine whether this was also true for SV-208, the fluorescence of NBD-labeled peptides was analyzed upon binding to the membrane. The sensitivity of the NBD moiety to the dielectric constant of its surroundings allows us to determine the environment of the NBD-labeled peptides in their membrane-bound state. It has already been shown that the fluorescence emission of NBD shifts to lower wavelengths upon relocation of the NBD moiety to a more hydrophobic environment [@BIB54]. The fluorescence emission spectra of NBD-labeled SV-208 and Mu-SV-208 were measured in aqueous solution and in the presence of PC/PG (1:1) SUV. In both cases a shift toward lower wavelengths, with a concomitant increase in the fluorescence intensity, was observed after addition of the vesicles (data not shown), indicating that the NBD-labeled peptides interact with the lipidic membranes. The maximal fluorescence emission was 524 nm and 525 nm, for SV-208 and Mu-SV-208, respectively. A similar value was obtained for the HIV-1 fusion peptide (524 nm) [@BIB37], which is known to be inserted into the membrane [@BIB13]. Furthermore, Rajarathnam and colleagues have shown that the emission maximum of NBD when inserted into membranes is close to 526 nm, whereas a maximum around 535 nm was observed when the NBD was linked to the polar head of phosphatidylethanolamine, located on the membrane's surface [@BIB54]. Therefore we can deduce that the N terminus of both SV-208 and the mutant peptide is located close to the hydrophobic core of the membrane.

SV-208 and Mu-SV-208 are accessible to proteolytic degradation when bound to membranes {#section0040}
--------------------------------------------------------------------------------------

The susceptibility of a membrane-bound peptide to proteolytic digestion can be used to determine the location of the backbone with respect to the plane of the membrane. When a peptide is located inside the bilayer, it is protected from the protease, whereas location on the surface renders the peptide susceptible to proteolytic digestion [@BIB25]. As depicted in [Figure 5(a)](#FIG5){ref-type="fig"}, adding proteinase K to a mixture of vesicles and NBD-labeled SV-208, results in a rapid decrease in the NBD fluorescence, demonstrating its release from the hydrophobic environment of the membrane. Similar results were obtained with NBD-Mu-SV-208 [(Figure 5(c))](#FIG5){ref-type="fig"}. In control experiments, the final level of fluorescence intensity was the same when the protease was added before adding the vesicles [(Figure 5(b) and (d))](#FIG5){ref-type="fig"}. These results demonstrate that at least part of the peptide backbones are located on the surface of the vesicles. A similar behavior was observed for the HIV-1 fusion peptide [@BIB37].Figure 5Susceptibility to enzymatic digestion of membrane-bound peptides. The fluorescence emission of NBD-labeled peptides was monitored at 530 nm with the excitation set at 467 nm: (a) SUV (200 μM) was added to NBD-SV-208 (0.1 μM), followed by the addition of 10 μl of Proteinase K (0.5 mg/ml); (b) as a control experiment, 10 μl of Proteinase K (0.5 mg/ml) was added to NBD-SV-208 (0.1 μM) before the addition of vesicles (200 μM); (c) and (d), same as indicated in (a) and (b), respectively, but with NBD-Mu-SV-208.

SV-208 but not Mu-SV-208 self-associates in its membrane-bound state {#section0045}
--------------------------------------------------------------------

Several models of viral-induced membrane fusion postulate that the fusion proteins oligomerize during the actual fusion step [@BIB4], [@BIB65], [@BIB82], [@BIB64], [@BIB7]. Moreover, several known fusion peptides have been shown to oligomerize in the membrane [@BIB57], [@BIB37]. To determine whether the fusogenic activity of SV-208 is correlated with its ability to oligomerize in the membrane, the aggregation state of SV-208 and Mu-SV-208 was determined by resonance energy transfer measurements. Briefly, peptides labeled at their N terminus either with NBD, serving as energy donors, or with rhodamine, serving as energy acceptors, were used. In a typical experiment, a donor peptide (final concentration of 0.06 μM) was added to a dispersion of PC/PG (1:1) SUV (200 μM) in PBS, followed by the addition of an acceptor peptide in several sequential doses. As depicted in [Figure 6](#FIG6){ref-type="fig"}, when NBD- and Rho-labeled SV-208 were used as a donor and an acceptor, respectively, dose-dependent quenching of the donor's emission was observed. However, when NBD and Rho-labeled Mu-SV-208 were used, the observed energy transfer was similar to that expected from randomly distributed donors and acceptors [@BIB22]. The lipid to peptide ratio was kept high (\>3000:1) to create a low surface density of donors and acceptors to reduce the energy transfer between unassociated peptides, and to ensure that essentially all the peptide is bound to membranes (as deduced from [Figure 4(a)](#FIG4){ref-type="fig"}). Note that the acceptor-peptide was added only after the donor-peptide was already bound to the membrane, thus preventing any association in solution. These results indicate that SV-208 but not Mu-SV-208 is able to oligomerize in its membrane-bound state.Figure 6Detection of oligomerization of membrane-bound peptides by fluorescence resonance energy transfer. Transfer efficiencies between donor and acceptor-SV-208 (filled squares), and donor and acceptor- Mu-SV-208 (open circles), are plotted as a function of \[bound acceptor\]/\[lipid\] molar ratio. A theoretical plot showing energy transfer efficiency as a function of the surface density of the acceptors, assuming a random distribution of donors and acceptors, and *R*~0~ = 51 Å, is given for comparison (broken line). SUV were used.

SV-208 has a higher α-helical content than Mu-SV-208 in membranes {#section0050}
-----------------------------------------------------------------

Since the structural conformation has been shown to be important for the fusogenic activity of fusion peptides [@BIB41], [@BIB58], [@BIB48], the secondary structure of the peptides in aqueous solution and in membranes was analyzed from their CD spectra, as measured in PBS, 1% SDS, and in the presence of PC/PG (1:1) SUV. As shown in [Figure 7](#FIG7){ref-type="fig"}, the α-helical content of the peptides in PBS is low, but it increases in 1% SDS, a membrane-mimetic environment. In the presence of PC/PG (1:1) SUV, the spectra were not reliable below 212 nm due to light-scattering, and therefore are not shown. The fractional helicities, calculated according to the elipticity at 222 nm [@BIB77], are 17% in PBS, 25% in PC/PG (1:1) SUV, and 35% in 1% SDS for SV-208, and 8 % in PBS, 18% in PC/PG (1:1) SUV, and 24% in 1% SDS, for Mu-SV-208. Note that the lipid/peptide molar ratio used was about 500:1, and according to the binding curve (see [Figure 4(a)](#FIG4){ref-type="fig"}) at this ratio only about 75% of the peptides are bound to the vesicles. It was not possible to increase the lipid/peptide ratio due to light-scattering caused by the vesicles.Figure 7CD spectra of SV-208 and Mu-SV-208 in PBS and 1% SDS. Spectra were taken at peptide concentrations of 5 μM. SV-208 in PBS, dotted line; SV-208 in 1% SDS, continuous line; Mu-SV-208 in PBS, dotted-broken line, Mu-SV-208 in 1% SDS, broken line.

Discussion {#section0055}
==========

A second fusion peptide in paramixovirus F1 protein {#section0060}
---------------------------------------------------

Here we have demonstrated that a peptide corresponding to amino acids 208--229 of the Sendai virus fusion protein, with a 13-residue segment homologous to the fusion peptides of the HIV-1 envelope glycoprotein and the RSV F1 protein [(Figure 1)](#FIG1){ref-type="fig"}, is able to induce rapid membrane fusion. Moreover, SV-208 induces fusion more efficiently than the 33-amino acid N-terminal fusion peptide [(Figure 2)](#FIG2){ref-type="fig"}. Furthermore, a peptide elongated to the N terminus, SV-201, is also active, indicating that SV-208 can act as an internal fusion peptide, suggesting that our findings could also be relevant in the context of the full-length protein. On the other hand, the scrambled and the shifted peptides are not active, although both peptides bind to membranes. Similarly, two peptides corresponding to the N-terminal and the C-terminal heptad repeats of the Sendai virus F1 protein, which were shown to bind to membranes [@BIB2], were also tested and found not to induce lipid mixing (data not shown). This confirms that membrane-binding ability itself is not enough to achieve fusion. Furthermore, in spite of the low sequence homology, a peptide modeled after the homologous region of the measles virus F1 protein is also active (unpublished results), suggesting that the presence of an internal fusion peptide is a general feature of paramyxoviruses. To our knowledge, this is the first time that the specific location of a second fusion active segment has been determined in a viral fusion protein. It has been shown very recently that a 127 amino acid segment corresponding to the full-length ectodomain of influenza hemagglutinin promotes rapid pH-dependent membrane fusion [@BIB18]. The 20 amino acid fusion peptide and a 95 amino acid construct, lacking the fusion peptide, were also able to induce some lipid mixing, although substantially less efficiently than the full-length ectodomain. This suggests that regions from the ectodomain of influenza hemagglutinin, other than the fusion peptide, might be able to induce lipid mixing. However, the specific location of such regions remains unknown. Moreover, it should be noted that the ectodomain of influenza hemagglutinin is much shorter than those of paramyxoviruses, and its coiled coil is formed by a C-terminal heptad repeat [@BIB11], whereas paramixoviruses contain two heptad repeats, one following the N-terminal fusion peptide and the other preceding the transmembrane domain, which are separated by more than 280 amino acids [@BIB40].

SV-208 has characteristics similar to other known fusion peptides {#section0065}
-----------------------------------------------------------------

The orientation of fusion peptides with respect to the plane of the membrane is thought to be important for their activity. An oblique orientation has been found for the fusion peptides of influenza [@BIB68], SIV [@BIB45], bovine leukemia virus [@BIB69], Sendai virus [@BIB57], Newcastle disease virus [@BIB9], measles virus [@BIB10], and HIV-1 [@BIB51], and is believed to facilitate membrane destabilization (reviewed by [@BIB17]). Here we analyzed the extent of membrane penetration by fluorescence spectroscopy and enzymatic digestion experiments. While the NBD fluorescence emission indicates that the N terminus of the peptides is located close to the hydrophobic core of the bilayer, the susceptibility of the membrane-bound peptides to enzymatic digestion shows that at least part of the peptide backbones lie on the membrane surface [(Figure 5)](#FIG5){ref-type="fig"}, thus suggesting an oblique orientation.

There is much evidence indicating that fusion proteins are oligomers in their active conformation [@BIB21], [@BIB70]. Furthermore, the ability of fusion peptides to oligomerize in their membrane-bound state may be a determining factor in their fusion activity [@BIB82], [@BIB37]. In the present study, resonance energy transfer experiments have demonstrated that SV-208 oligomerizes in its membrane-bound state, even at very low concentrations [(Figure 6)](#FIG6){ref-type="fig"}. In contrast, the inactive scrambled peptide does not oligomerize in the membrane. Similarly, the inability of a V2E mutant of the HIV-1 fusion peptide to form high-order oligomers was correlated with its loss of fusion activity [@BIB37].

Secondary structure of fusion peptides seems to be important for their activity. Disruption of the α-helical structure of fusogenic peptides either by the addition of proline residues [@BIB41] or by the substitution of two [l]{.smallcaps}-amino acids with their [d]{.smallcaps}-enantiomers [@BIB58] abolished the fusogenic activity of the peptides. Here, we found a correlation between the higher α-helical content of SV-208 and its fusogenic ability, when compared with those of Mu-SV-208. However, the role of other secondary structure elements in the process of membrane fusion cannot be ruled out [@BIB17], [@BIB51].

A role for the internal fusion peptide in the process of membrane fusion induced by paramixovirus F protein {#section0070}
-----------------------------------------------------------------------------------------------------------

Synthetic peptides can only partly mimic the complex fusogenic properties of a viral protein. Nevertheless, properties that were found to be crucial in the present study, such as fusogenic activity, oligomerization in the membrane and α-helical secondary structure, were proposed to be also requirements of viral-induced membrane fusion [@BIB75]. Recently, it has been shown that both the N-terminal and the C-terminal heptad repeats of the Sendai virus fusion protein, which form a strong complex in solution [@BIB30], dissociate into α-helical monomers upon binding to membranes [@BIB2]. In agreement with these observations, NMR studies showed that the N-terminal heptad repeat of the homologous Newcastle disease virus fusion protein has an α-helical structure in SDS, consistent with the notion that it binds parallel with the bilayer, as a monomer, with its hydrophobic face buried in the membrane [@BIB80]. Furthermore, the N-terminal heptad repeat of the Sendai virus F1 protein, located between the N-terminal fusion peptide and SV-208, has been shown to assist the N-terminal fusion peptide in inducing membrane fusion [@BIB28]. These results suggest that the region of the F1 protein that corresponds to the internal fusion peptide SV-208 could be in proximity to the membrane during the fusion process, thus supporting our observations. The previous model for Sendai virus-induced membrane fusion is shown in [Figure 8(a), (b) and (c)](#FIG8){ref-type="fig"} [@BIB2]. Our results led us to extend this model, suggesting a specific role for the internal fusion peptide in relation to the full-length F1 protein [(Figure 8(a), (d), (e) and (f))](#FIG8){ref-type="fig"}. According to the extended model, binding of the viral surface glycoprotein to cell receptors [(Figure 8(a))](#FIG8){ref-type="fig"} results in a conformational change of the fusion protein, which leads to the formation of a trimeric coiled-coil, analogous to the conformation observed in the 3-D structures of other fusion proteins [@BIB11], [@BIB19], [@BIB12], [@BIB71], [@BIB72], [@BIB43], [@BIB44], [@BIB1], [@BIB38], [@BIB78]. It should be noted that a leucine zipper-like sequence, SV-269, is located at a position following the internal fusion peptide. This region has been shown to interact with the C-terminal heptad repeat [@BIB29]. However, this interaction was found to be thermally unstable, suggesting that this region is not a component of the final, most stable core of the F protein [@BIB16]. There is no experimental evidence yet to determine whether the N-terminal fusion peptide or the internal fusion peptide inserts into the target membrane first. Although we cannot rule out the possibility that the N-terminal fusion peptide inserts into the target membrane first [(Figure 8(d))](#FIG8){ref-type="fig"}, the existence of a second fusion peptide consecutive to the N-terminal heptad repeat opens the possibility that the initial interaction with the target membrane is achieved by means of the internal fusion peptide, which in this conformation is located on top of the coiled-coil, as suggested in [Figure 8(e)](#FIG8){ref-type="fig"}. According to CD spectroscopy [(Figure 7)](#FIG7){ref-type="fig"} and resonance energy transfer [(Figure 6)](#FIG6){ref-type="fig"}, the internal fusion peptide oligomerizes and adopts an α-helical structure upon membrane binding. In this conformation, the N-terminal fusion peptide might be embedded in the viral membrane, in agreement with the models suggested by [@BIB39], [@BIB3]. It has been shown by [@BIB2] that the affinity of both the N-terminal and the C-terminal heptad repeats to the membrane causes the "umbrella"-like opening of the coiled-coil [(Figure 8(f))](#FIG8){ref-type="fig"}. This membrane-induced conformational change consequently causes the cellular and viral membranes to approach each other. Subsequently, both the N-terminal and the internal fusion peptides induce the actual merging of the membranes. Further experiments are needed to determine whether both fusion-active segments destabilize the same membrane. The location of the internal and the N-terminal fusion peptides, both in the same membrane [(Figure 8(f))](#FIG8){ref-type="fig"} is therefore speculative.Figure 8The umbrella mechanism of Sendai virus-induced membrane fusion. A previous model is presented in (a)-(c) [@BIB2]. Our extended model is shown in (a) and (d)-(f). According to the revised model, binding of the viral surface glycoprotein (a) to cell receptors results in a conformational change of the fusion protein, leading to the formation of a trimeric coiled-coil. Two alternative pathways are possible: the N-terminal fusion peptide inserts into the target membrane first (d); or the initial interaction with the target membrane is achieved by means of the internal fusion peptide, which in this conformation is located on top of the coiled-coil (e). After the initial binding, the affinity of both the N-terminal and the C-terminal heptad repeats to the membrane causes the opening of the coiled-coil (f). This membrane-induced conformational change causes the cellular and viral membranes to approach each other. Subsequently, the internal and the N-terminal fusion peptides induce the merging of the membranes.

Materials and methods {#section0075}
=====================

Materials {#section0080}
---------

BOC-amino acids were purchased from Novabiochem AG (Läufelfingen, Switzerland), and BOC-amino acid phenylacetamidomethyl (PAM)-resin was obtained from Applied Biosystems (Foster City, CA). NBD-fluoride and other reagents for peptide synthesis were obtained from Sigma. Egg phosphatidylcholine (PC), and phosphatidylglycerol (PG) were purchased from Lipid Products (South Nutfield, U.K). *N*-\[Lissamine-rhodamine B-sulfonyl\]- dioleoylphosphatidylethanolamine (Rho-PE), *N*-\[7-nitrobenz-2-oxa-1,3-diazole-4-yl\]-dioleoylphosphatidylethanolamine (NBD-PE), *N*-\[7-nitrobenz-2-oxa-1,3-diazole-fluoride\] (NBD-fluoride), and 5-(and 6)-carboxytetramethyl-rhodamine (Rho), succinimidyl ester were purchased from Molecular Probes (Eugene, OR). All other reagents were of analytical grade. Buffers were prepared using double glass-distilled water. Phosphate-buffered saline (PBS) is composed of NaCl (8 g/l), KCl (0.2 g/l), KH~2~PO~4~ (0.2 g/l), and Na~2~HPO~4~ (1.09 g/l), pH 7.3.

Peptide synthesis and fluorescent labeling {#section0085}
------------------------------------------

The peptides were synthesized by a standard solid phase method on PAM-resin as described [@BIB47], [@BIB62]. NBD and Rho-labeling of the N terminus of the resin-bound peptides was achieved as previously described [@BIB56]. The peptides were cleaved from the resin by HF treatment and purified by RP-HPLC. Purity (∼99%) was confirmed by analytical HPLC. The peptide compositions were determined by amino acid analysis.

Preparation of lipid vesicles {#section0090}
-----------------------------

Small unilamellar vesicles (SUV) were prepared by sonication of PC/PG (1:1) as described earlier [@BIB63]. Large unilamellar vesicles (LUV) were also prepared from PC/PG (1:1), and when necessary with different amounts of Rho-PE and NBD-PE, as follows: dry lipids were suspended in PBS by vortexing to produce large multilamellar vesicles. The lipid suspension was freeze-thawed six times and then extruded 20 times through polycarbonate membranes with 0.1 μm diameter pores (Nuclepore Corp., Pleasanton, CA).

Peptide-induced lipid mixing {#section0095}
----------------------------

Lipid mixing of large unilamellar vesicles was measured using a fluorescence probe dilution assay [@BIB67]. Lipid vesicles containing 0.6 mol% each of NBD-PE (energy donor) and Rho-PE (energy acceptor) were prepared in PBS as described before. A 1:4 mixture of labeled and unlabeled vesicles (110 μM total phospholipid concentration) was suspended in 400 μl of PBS, and a small volume of peptide in DMSO was added. The increase in NBD fluorescence at 530 nm was monitored with the excitation set at 467 nm. The fluorescence intensity before the addition of the peptide was referred to as 0% lipid mixing, and the fluorescence intensity upon the addition of Triton X-100 (0.25%, v/v) was referred to as 100% lipid mixing. All the fluorescence measurements in the present study were done on a Perkin-Elmer LS-50B spectrofluorometer.

Electron microscopy {#section0100}
-------------------

The effects of the peptides on liposomal suspensions were examined by negative-staining electron microscopy. A drop containing PC/PG (1:1) LUV alone or a mixture of LUV and peptide was deposited onto a carbon-coated grid and negatively stained with 2% uranyl acetate. The grids were examined using a JEOL JEM 100B electron microscope (Japan Electron Optics Laboratory Co., Tokyo, Japan).

Membrane binding experiments {#section0105}
----------------------------

The degree of peptide association with PC/PG (1:1) SUV was measured by adding increasing amounts of vesicles to 0.2 μM NBD-labeled peptides dissolved in PBS. The fluorescence intensity was measured as a function of the lipid/peptide molar ratio, with excitation set at 467 nm (8 nm slit), and emission set at 530 nm (8 nm slit). The fluorescence values were corrected by substracting the corresponding blank (PBS with the same amount of vesicles). The binding isotherms were analyzed as partitium equilibriums [@BIB5], as described previously [@BIB55].

NBD fluorescence measurements {#section0110}
-----------------------------

Changes in the fluorescence of NBD-labeled peptides were measured upon their binding to vesicles. NBD-labeled peptide (0.1 μM) was added to 2 ml of PBS, containing PC/PG (1:1) SUV (200 μM). Emission spectra were recorded (8 nm slit), with excitation set at 467 nm (8 nm slit), and compared with the emission spectra of the NBD-labeled peptide in iposome-free PBS. The peptide/lipid molar ratio was kept at a level such that the majority of the peptides were bound to the vesicles and the contribution of the free peptide to fluorescence could be neglected.

Enzymatic digestion of membrane-bound peptides {#section0115}
----------------------------------------------

The susceptibility of the peptides to proteolytic degradation in their membrane-bound state was determined as described previously [@BIB59]. Briefly, PC/PG (1:1) SUVs (200 μM) were added to 0.1 μM NBD-labeled peptide, followed by the addition of 10 μl of Proteinase-K (0.5 mg/ml). Fluorescence intensity at 530 nm (8 nm slit) was recorded as a function of time before and after the addition of the enzyme, excitation was set at 467 nm (8 nm slit). In a control experiment, the enzyme was added before the addition of the vesicles.

Resonance energy transfer measurements {#section0120}
--------------------------------------

Fluorescence resonance energy transfer was measured using NBD-labeled peptides serving as energy donors and Rho-labeled peptides serving as energy acceptors [@BIB25]. Fluorescence spectra (8 nm slit) were obtained at room temperature, with excitation set at 467 nm (8 nm slit). In a typical experiment, donor peptide (final concentration of 0.06 μM) was added to a dispersion of PC/PG (1:1) SUV (200 μM) in PBS, followed by the addition of acceptor peptide in several sequential doses. Fluorescence spectra were obtained before and after the addition of the acceptor. The efficiency of energy transfer (*E*) was determined by measuring the decrease in the quantum yield of the donor as a result of the presence of the acceptor. *E* was determined experimentally from the ratio of the fluorescence intensities of the donor with (*I* ~da~) and without (*I* ~d~) the acceptor, at the donor's maximal emission wavelength. The percentage of transfer efficiency (*E*), is given by:E=(1-Ida/Id)×100% Correction for the contribution of acceptor emission as a result of direct excitation was made by subtracting the signal produced by the acceptor-labeled peptide added to the non-labeled donor. The contribution of buffer and vesicles was subtracted from all measurements.

Circular dichroism (CD) spectroscopy {#section0125}
------------------------------------

CD spectra were obtained using an Aviv 202 spectropolarimeter. The spectra were scanned with a thermostated quartz optical cell with a path length of 1 mm, at 25°C. Each spectrum was recorded with an averaging time of ten seconds, at a wavelength range of 260 to 195 nm. Fractional helicities [@BIB77] were calculated as follows:fh=\[θ\]222−\[θ\]2220\[θ\]222100−\[θ\]2220 where \[θ\]~222~ is the experimentally observed mean residue elipticity at 222 nm, and values for \[θ\]~222~ ^0^ and \[θ\]~222~ ^100^, corresponding to 0% and 100% helix content at 222 nm, were estimated at −2000 and −32,000 deg cm^2^/dmol, respectively. Each experiment was repeated twice and found to be in good agreement.
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